Cerebral microbleeds are associated with vascular disease and dementia. They can be detected on MRI and receive increasing attention. Visual rating is the current standard for microbleed detection, but is rater dependent, has limited reproducibility, modest sensitivity, and can be time-consuming. The goal of the current study is to present a tool for semiautomated detection of microbleeds that can assist human raters in the rating procedure. The radial symmetry transform is originally a technique to highlight circular-shaped objects in two-dimensional images. In the current study, the threedimensional radial symmetry transform was adapted to detect spherical microbleeds in a series of 72 patients from our hospital, for whom a ground truth visual rating was made by four raters. Potential microbleeds were automatically identified on T2*-weighted 3.0 T MRI scans and the results were visually checked to identify microbleeds. Final ratings of the radial symmetry transform were compared to human ratings. After implementing and optimizing the radial symmetry transform, the method achieved a high sensitivity, while maintaining a modest number of false positives. Depending on the settings, sensitivities ranged from 65%-84% compared to the ground truth rating. Rating of the processed images required 1-2 minutes per participant, in which 20-96 false positive locations per participant were censored. Sensitivities of individual raters ranged from 39%-86% compared to the ground truth and required 5-10 minutes per participant per rater. The sensitivities that were achieved by the radial symmetry transform are similar to those of individual experienced human raters, demonstrating its feasibility and usefulness for semi-automated microbleed detection. 
Introduction
Cerebral microbleeds are small spherical lesions that are visible as hypointensities on T2*-weighted MR images. Recent studies showed that microbleeds are associated with cerebrovascular disease and dementia. [1] Therefore, interest in microbleeds is increasing rapidly and they are being investigated in large studies (e.g. the population-based Rotterdam Scan Study [2] ). The current standard for detection of microbleeds on T2*-weighted MR scans is rating with validated visual rating scales, for example the Microbleed Anatomical Rating Scale (MARS) or the Brain Observer MicroBleed Scale (BOMBS). [3, 4] However, this process is rater dependent, has limited reproducibility, a modest sensitivity, and can be time-consuming. [4, 5] .
Semi-automated techniques for the detection of cerebral microbleeds are likely to improve the aforementioned issues. These techniques can reduce rater dependence and improve sensitivity, both for experienced and less experienced raters. Other potential advantages are a reduction in required rating time and a higher reproducibility. As such, semi-automated detection may be especially useful for large research studies, in which higher field strengths, higher spatial resolution of scans, and a higher required sensitivity increase the rating difficulty and rating time [5] .
Several methods currently exist for the semi-automated detection of microbleeds. Seghier et al. [6] described a method that uses a unified segmentation-normalization approach to detect microbleeds. This method detected 50% of the microbleeds present in their participants. While the number of false positives was not reported, manual removal of the false positives required 5-10 minutes on average per participant. Barnes et al. [7] used a combination of statistical thresholding and a support vector machine supervised learning classifier on susceptibility weighted images. This method had a sensitivity of 82%. On average, over 100 false positives were found per participant, which takes a human rater 5-15 minutes to censor. In a previous study [8] , we used the 3D radial symmetry transform (RST) to detect microbleeds on non-clinical dual-echo 7.0 T gradient echo data. The 3D RST had a sensitivity of 71%, which is higher than the sensitivity of individual human raters on 7.0 T scans. On average, 17 false positives were found per participant, requiring 2 minutes to remove, as opposed to 30 minutes for a full manual rating.
Since clinical use of ultra-high field strength (7.0 T) MRI is still limited, the ability to apply the RST on 3.0 T MR images would be highly useful. Such images are more widely available, but this comes with some challenges, including multi-slice scanning protocols, lower spatial resolution, and an anisotropic voxel size.
In the present study, the use of the RST on 3.0 T T2*-weighted images was investigated. The approach of the RST, detecting hypointense spherical objects using uncomplicated image processing techniques, combined with its excellent results on dual echo 7.0 T scans forms an ideal starting base for the detection of microbleeds on 3.0 T images. In order to successfully apply the RST on 3.0 T images, the aforementioned challenges and the lack of additional echoes had to be overcome. The goal was to develop a practical tool for semi-automated detection of microbleeds that can support human raters, offering a high sensitivity while minimizing the number of false positives that have to be censored.
Materials and Methods

Participants
For the present study, 72 patients (mean age: 77 years, sd: 8 years, 38 men, 34 women) were included from a consecutive series of patients referred to the memory clinic of the University Medical Center Utrecht, the Netherlands. Inclusion criteria for this study cohort were: cognitive complaints, Mini-Mental State Examination [9] score of §20 and Clinical Dementia Rating #1. [10] Exclusion criteria were: contraindications for MRI (e.g. pacemaker, claustrophobia), a psychiatric or neurological disorder that could influence cognitive functioning, recent non-disabling stroke (.2 years) or any disabling stroke, major depression or a history of alcohol or substance abuse. All 72 patients underwent an MRIexamination between November 2009 and June 2011. Although some scans contained motion artifacts, no patients were excluded for that reason. Diagnoses were established at a multidisciplinary meeting, including: subjective cognitive complaints (n = 9), mild cognitive impairment (according to Petersen criteria [11] , n = 23), possible (n = 4) and probable (n = 33) Alzheimer's Disease (according to the clinical criteria of the National Institute of Neurological Disorders and Stroke-Alzheimer's Disease and Related Disorders Association [12] ), vascular dementia [13] (n = 1) and semantic dementia [14] (n = 2).
The study was approved by the medical ethics committee of the University Medical Center Utrecht. Written informed consent was given by all participants.
MRI Acquisition
The participants underwent a standardized MR exam on a 3.0 T Philips Achieva MR scanner using an eight-channel head coil, including, among others, a multi-slice T2*-weighted sequence (TR: 1653 ms, TE: 20 ms), a multi-slice FLAIR sequence (TR: 11000 ms, TE: 125 ms, TI: 2800 ms), and a 3D T1-weighted turbo field echo sequence (TR: 7.9 ms, TE: 4.5 ms). The T2*-weighted and FLAIR sequences were reconstructed to a voxel size of 0:96|0:95|3:00 mm 3 . The T1-weighted sequence was reconstructed to a voxel size of 1.0 mm isotropic.
Study Design
In the current study, we used the RST that was originally designed for 7.0 T dual-echo gradient echo images and had a high accuracy. [8] Because there are still relatively few ultra-high field strength MR scanners available around the world, the ability to apply this method on (single echo) 3.0 T T2*-weighted images leads to higher generalization and opportunities for its use.
First, microbleeds were visually rated on the scans of all participants by four human raters. Based on these ratings, a visual ground truth was created. Second, the RST was implemented for the use on 3.0 T MR scans. Five participants with microbleeds were randomly selected and used to determine suitable parameters for the RST and to optimize the work flow. Next, the output of the RST had to be thresholded, to distinguish potential microbleeds from false positives. A series of thresholds was applied and the results were evaluated using a free-response receiver operating characteristic (FROC) curve. Finally, a human rater used a userfriendly interface to inspect the results of the RST after thresholding and censored any remaining false positives. If extra positives were detected by the RST (i.e. microbleeds that were not in the original ground truth), these were added to form the final ground truth if the majority of raters confirmed them as true microbleeds.
Visual Rating of Microbleeds
Microbleeds were rated visually on the T2*-weighted scans of all participants by four raters with different degrees of experience, blinded to all other clinical information. All raters were sufficiently trained prior to the rating sessions.
Rating was performed according to the MARS, as described by Gregoire et al. [3] In this rating scale, 'definite' microbleeds are defined as hypointense round lesions. If a rater was uncertain about a lesion being a microbleed, it was rated as 'possible'. Mimics like symmetric calcifications in the basal ganglia were disregarded. The detected microbleed locations were compared between raters and in case of discordance, a majority decision was made or an experienced fifth rater was consulted. This consensusbased lesion rating formed the visual ground truth rating.
Radial Symmetry Transform
The RST is an image processing technique that can be used to highlight spherical-shaped objects in an image. It has numerous applications, both medical and non-medical. For example, the detection of nuclei in H&E stained breast cancer biopsy images and the detection of eyes in pictures of human faces. [15, 16] Recently, a 3D version of the RST was used for automatic detection of microbleeds on 7.0 T MR images. [8] .
Before applying the RST, a binary mask of the gray and white matter was obtained using unified segmentation as implemented in SPM8. [17] For this, the T1-weighted sequence was used and the resulting mask was transformed to the T2*-weighted sequence using elastix. [18] Within this mask, the intensities of the T2*-weighted sequence were normalized using a histogram rangematching procedure. [19] Inspection of the intensities of microbleeds present in the selected five participants showed that all intensity values were below the 6 th percentile of the histogram. This was used to normalize the intensity values to a range of [0, 255] using the 6 th and 95 th percentile. For each voxel in the image, the 3D RST resulted in a so-called radial symmetry value. This value corresponds to the sphericalness of a local neighborhood around the voxel. In the case of a microbleed, the center voxel of the microbleed will receive a high radial symmetry value, because the surrounding hypointense voxels form a spherical spot. This is illustrated in Figure 1 .
After computation of the 3D RST, a threshold value h 1 was set on the radial symmetry value. Locations within the mask with a value above h 1 were considered potential microbleed locations, thereby removing locations that have no radial symmetry (e.g. normal brain tissue) or low radial symmetry (e.g. vessels). This procedure is similar to the method described earlier for detection of microbleeds on 7.0 T dual-echo gradient echo images [8] . However, the lower spatial resolution of the 3.0 T images and the lack of a second echo posed a challenge: the number of false positives remaining after the previous steps was significantly higher (up to 200 per participant). The availability of the second echo at 7.0 T enabled the removal of false positive locations that were only visible on one echo, but this was not possible for the 3.0 T images.
Therefore, an additional step to the method was introduced for 3.0 T images after computation of the 3D RST, involving a 2D RST computed on a transversal minimum intensity projection (minIP) image. The rationale behind this additional step was derived from the visual rating process of microbleeds, in which a rater searches for 2D hypointense circular spots on a minIP representation of the scan. On a minIP, microbleeds show up as dark round spots, while typical false positives (such as vessels) are displayed as elongated structures. This facilitates the distinction between microbleeds and vessels.
A minIP slab of 12 mm thickness was created in a square region of interest (1cm 2 ) at each potential microbleed location after the 3D RST. The 2D RST was computed on this transversal slab with settings identical to the 3D RST. If the new radial symmetry value of the potential microbleed did not exceed the threshold h 2 , it was discarded as a potential microbleed.
Experiments
Parameter settings that influence the quality of the 3D RST were optimized on the selected five participants with microbleeds, similar to a study published earlier. [20] .
Threshold values h 1 and h 2 were used after computation of the 3D and 2D RST, respectively. These threshold values determined the locations that were considered as potential microbleeds. Different values gave different results and therefore a range of threshold values was heuristically established. This was done on the selected five participants with microbleeds. Subsequently, an exhaustive search that computed the results of the RST for all combinations of h 1 and h 2 was performed on all 72 participants.By plotting a FROC curve with the results of this search, the sensitivity of each combination of h 1 and h 2 can be assessed together with the number of false positives.
Three combinations of h 1 and h 2 were selected, representing: A) moderate, B) good, and C) high sensitivity for detection of microbleeds. For the three combinations, rater 4 censored all potential microbleed locations that were identified. The censoring of the potential microbleed locations was performed several months after the initial visual rating of rater 4, to ensure that previous ratings were not remembered. Additionally, if microbleeds were detected by the RST that were not present in the original visual rating, they were presented to all human raters for inspection. If at least three raters had confirmed them as true microbleeds, they were added as 'extra positives' to the final ground truth rating. Adding the extra microbleeds improved the ground truth rating and gave a fair comparison of the sensitivities of human raters versus the RST.
Results
During the visual rating, 244 locations were marked as definite or possible microbleeds by at least one of the four raters. After the consensus meeting, 148 locations in 38 participants (53%) were confirmed as microbleeds and defined as the visual ground truth: 106 definite and 42 possible microbleeds. Of those microbleeds: 93 (63%) were detected by rater 1, 130 (88%) by rater 2, 60 (41%) by rater 3, and 104 (70%) by rater 4.
To determine the appropriate range of h 1 and h 2 , the radial symmetry values at the locations of microbleeds in the five participants were inspected. As a result, h 1 was chosen to range from 0.5 to 3.0 and h 2 from 0.0 to 3.0, both with a step size of 0.5. Setting h 2 to zero means that the 2D RST was not computed at all.
For each combination of h 1 and h 2 , the number of potential microbleed locations per participant is shown in Figure 2A and the sensitivity of the method is shown in Figure 2B . These figures clearly show that lower values of h 1 and h 2 result in more potential microbleed locations (i.e. a higher false positive rate), but also a higher sensitivity. Therefore, when searching for the optimal h 1 and h 2 , a trade-off has to be made between a high sensitivity and a long censoring time, or a lower sensitivity with a shorter censoring time. This is illustrated in Figure 2C , where all 42 combinations of h 1 and h 2 are plotted in a FROC curve. As the sensitivity increases, the number of false positives increases accordingly. The solid line in the graph indicates the optimal combinations of h 1 and h 2 , i.e. the highest sensitivity having the lowest number of false positives.
Based on this graph, three combinations of h 1 and h 2 (A, B, and C) were selected and presented to rater 4 for censoring. The results of the semi-automatic method after manual censoring are shown in Table 1 .
In total, 4 extra positives (all possible microbleeds) were found that were not present in the visual consensus rating, but were marked as potential microbleeds by the RST and thereafter confirmed by the majority of raters. These were added to the final ground truth, resulting in a total of 152 microbleeds. The results are shown in Table 2 .
Of the 38 participants that had at least one microbleed, 30 were identified at setting A (i.e. an identification rate of 79%). All eight participants that were not identified had only one microbleed. If a participant had at least one true microbleed detected at setting A and subsequently setting C was used on only these participants, the final sensitivity of the method for the detection of individual microbleeds was 83%. This enables fast rating, as participants without microbleeds can be quickly discarded at setting A, while still achieving a high sensitivity by subsequently using setting C.
The time needed for the original visual rating was approximately 5 to 10 minutes per participant per rater. The required human rater time for visual censoring of the results of the RST is reported in Table 1 , medians ranged from 1 to 2 minutes per participant. A dedicated user-friendly interface supported the human rater to censor the results of the RST. Time required for loading the scan into the computer memory, adjusting the contrast settings of the scan prior to rating to normalize the viewing, and breaks were not taken into account. Computation time of the 3D RST was approximately 20 seconds per participant. The computation time of the 2D RST depended on the number of potential microbleeds, influenced by the values of h 1 and h 2 , and required another 5 seconds to 2 minutes per participant. All computations were performed on a standard workstation.
Discussion
Detection of microbleeds on T2*-weighted 3.0 T MRI scans can be achieved by the RST, with a high sensitivity and a limited amount of visual rating time required to censor false positive locations.
Most importantly, the sensitivity of the method was similar to the sensitivity of the most experienced human raters. This would allow for the method to be used in practice, for example in research studies to assess the presence of microbleed in large patient cohorts. The use of the method will make the detection of microbleeds less rater dependent and thereby improve the overall quality of the rating.
Comparing the presented method and its results to existing methods, the RST shows some advantages. The resulting sensitivities of 65%-84% are higher than the reported sensitivities of the methods of Seghier et al. (50%) and Barnes et al. (82%) . It should be noted that all methods did not include a full FROC curve in their results. Therefore it could be that other sensitivities might be possible and that the presented results are only a single point on the FROC curve, being a tradeoff between sensitivity and number of false positives. Furthermore, other factors, such as differences in scan type and quality, might explain differences between various methods.
Recently, Bian et al. demonstrated the use of the 2D RST for the detection of radiation-induced microbleeds on 3.0 T susceptibility-weighted images. [21] The images underwent a minIP post-processing on which the 2D RST was applied and additional Potential microbleeds need to be censored by a human rater to identify true microbleeds (on average 2 per participant) and reject false positives that remained after the 3D and 2D radial symmetry transform. B) Sensitivity of the radial symmetry transform on the visual ground truth, visualized as a function of h 1 and h 2 . C) This figure shows the relationship between sensitivity and the number of potential microbleed locations per participant, where each dot is a combinations of h 1 and h 2 . Depending on the preferred sensitivity, there is an optimal combination of h 1 and h 2 with the lowest number of locations. These optimal combinations are annotated by the solid line. Three combinations (A, B, and C, annotated from left to right with squares), with moderate, good, and high sensitivity, were selected for inspection by a human rater. doi:10.1371/journal.pone.0066610.g002 Table 1 . Results of the radial symmetry transform after censoring potential microbleed locations per participant. The longer rating time as compared to the RST might be caused by the higher number of true microbleeds that were present. During the censoring of the results of the RST, rater 4 needed more time to correctly identify a true microbleed location than to reject a false positive location. Assuming this behavior also holds for the raters in the study of Barnes et al., this might explain the longer required human rater time. Next to this, false positives of the RST appeared mostly at locations where they could be easily rejected by a trained human rater. Furthermore, individual differences between human raters can also have an effect on the required rating time. Besides this, it is noticeable that censoring the results of the RST on 3.0 T scans required less time than censoring the results of the RST on 7.0 T scans. [8] This is likely caused by the availability of the second echo on 7.0 T scans, that required additional time for inspection. In addition, microbleeds appear smaller on 7.0 T scans and thus require additional zooming by the human rater during censoring.
The most significant advantage of the RST over existing methods is the easy and uncomplicated implementation. The main unique features of a microbleed (circular shape and hypointense on a T2*-weighted scan) are directly translated into the RST. Loy and Zelinsky provide a clear and straightforward description of the implementation of the RST and offer open source implementations online. [16] Furthermore, the method is (largely) independent of scan parameters and field strength of the MR, thus making it generic and suitable for widespread usage. The required amount of training data is minimal, whereas techniques using unified segmentation or classifiers require a substantial amount of training data. Training and optimization of parameters was performed on just a few participants, as demonstrated here and earlier. [20] After the initial training and optimization of the parameters, the entire procedure can be automated and processed offline: extracting images from the picture archiving and communication system, computing the 3D RST, and computing the 2D RST. After these automated steps, limited human rater time is required only for visual censoring of the results using a user-friendly interface.
Since the automatic part of the method always produces the same results, the reproducibility of the method is high but still dependent on the rater that performs the final visual censoring. However, the rater dependence that is usually involved with visual rating of microbleeds can be reduced to a large extent. Potential microbleed locations are annotated by the RST, but identifying true microbleeds and rejecting false positives remains up to the decision and interpretation of a human rater. Less experienced raters now have a tool that will guide them to achieve high sensitivities and experienced raters will benefit from the reduced rating time.
Some microbleeds that were detected by the original visual rating were missed by the RST, even at the setting with a relatively high number of false positives (setting C). Most of those false negatives were too small in size to be detected by the RST.
The false positive locations that were detected by the RST needed to be removed by a human rater. These false positive locations were mostly vessels (e.g. periventricular, in sulci, in the cerebellum); calcifications in the basal ganglia and choroid plexus; the interhemispheric fissure and Sylvian fissures; and bone and air artifacts, especially located at the skull base. Scans with motion artifacts had more false positives, but true microbleeds were still reliably detected. Most false positives appeared at locations where they can be easily rejected by a human rater, resulting in a low rating time. Applying the 2D RST removed 50% to 90% of the false positives that were present after the 3D RST, depending on the value of h 2 . Higher values of h 2 removed more false positives, but introduced some false negatives as well, and vice versa for lower values of h 2 (see Figures 2A and 2B ). To remove even more false positives, additional scans such as MR angiography could be included to eliminate vessels.
In our opinion, the ability to adapt and fine-tune the RST gives advanced opportunities for its use in a clinical setting. By simply adapting the parameters h 1 and h 2 , a consideration between sensitivity and rating time can be made. This flexibility of the method can be used to create a time-efficient workflow for microbleed detection in a research setting. With the use of setting A, participants without microbleeds can be quickly discarded. Participants with at least one microbleed at setting A can be further inspected by using setting B or C. As such, quick scoring is performed for participants without microbleeds. But for participants with at least one microbleed at setting A, a high sensitivity is achieved by using (the more time-consuming) setting B or C. Another interesting approach would be to apply the RST on quantitative susceptibility mapping (QSM) images. [22] By acquiring multiple echo times, QSM images will be able to provide a better contrast between microbleeds and surrounding tissue. This was not done in the clinical acquisition protocol used, but would probably lead to a higher sensitivity and a lower number of false positives.
Conclusions
A flexible system for efficient detection of cerebral microbleeds using the radial symmetry transform was presented. The sensitivity of this method is high, while the number of false positives that need to be censored was minimized.
